Wind energy conversion systems (WECSs), based on permanent magnet synchronous generators (PMSGs), are becoming common sources in dc grids. However, in previous dc grids integration studies, turbine-generator mechanical dynamics are represented by a single-mass model. A practical direct-drive connection in a PMSG-WECS yields lightly-damped torsional speed oscillations because of the double-mass mechanical nature of the generator and the wind turbine. Active damping strategies are usually employed to suppress the mechanical oscillations in a full back-to-back converter interfacing PMSG-WECSs into ac grids; nevertheless, the active damper performance in dc grids is unknown, particularly under dc grid uncertainties and, more importantly, the presence of dynamic and constant power loads commonly used in dc grids. To fill out this gap, this paper presents a detailed modeling and comprehensive stability assessment of a dc grid with a high penetration level of wind power generation. Moreover, stability enhancement strategies are proposed to increase the damping of the entire system, considering different operating and installation scenarios that might face a system integrator/designer. Time-domain simulation studies, based on nonlinear models, are conducted to validate the analytical results. Furthermore, hardware-in-loop real-time simulation studies demonstrate the feasibility of hardware implementation.
I. INTRODUCTION
DC grids (e.g., dc microgrids and dc distribution systems) have gained widespread acceptance in modern distribution systems because of their simple control and economical operation [1] , [2] . Furthermore, dc grids facilitate the integration of renewable energy resources into an existing ac network to enhance system reliability and stability. Direct-drive wind energy conversion systems based on permanent magnet synchronous generators (PMSGs) have become preferable because of their several merits, such as the elimination of the gearbox, high power density, and reduced losses.
Wind power generators can be directly interfaced to a dc grid via a voltage-source converter (VSC) to supply energy to dc loads or the main ac grid with the back-to-back The associate editor coordinating the review of this manuscript and approving it for publication was Zhilei Yao . configuration [3] - [6] . The integration of wind generators in dc grid can be challenging if the penetration level of wind power generation is high, and the detailed dynamics of the wind turbine system are considered. In dc systems literature, the wind turbine-generator dynamics are likely represented by a single-mass model. However, it has been shown that a practical direct-drive PMSG can exhibit mechanical resonance because of the double-mass mechanical nature of the generator and wind turbine. Further, it has been reported that using the single-mass model can lead to an incorrect and deceptive assessment of the system dynamics [7] - [13] .
The mechanical resonance phenomenon is significant when the generator shaft becomes soft. The drive train torsional characteristics can lead to lightly damped speed oscillations if the system is excited by a mechanical or an electrical disturbance, resulting in fluctuations in the output power. The frequency of the oscillation is typically in the low-frequency range (1-70 rad/s), which might lead to further stability problems in dc grids fed by PMSG-based WECSs, where the dynamics of dc grids are significant (dominant) in the low-frequency range. An active damper is usually adopted to suppress the mechanical oscillations developed and avoid the associated instabilities. The PMSG controller can be equipped with active damping strategies to increase the positive damping of the mechanical dynamics, based on the energy stored in the dc-link capacitors of the back-toback converters [7] - [13] . However, the performance of the PMSG stabilization loops in dc systems is unknown and needs further investigation.
A lot of work has been conducted to address the stability problems that arise in dc grids; however, the stability enhancements focused on mitigating the instability problems caused by the constant power load [14] - [19] . Alternatively, active damper units have been widely used in dc systems, where an auxiliary converter has been employed to mitigate the instabilities caused by CPLs and to improve the system response during start-up and fault conditions [20] - [24] . However, the effectiveness of these stabilization methods to mitigate the instabilities caused by the wind generator mechanical dynamics in dc grids has not been yet investigated.
Based on the above discussion, it is obvious that comprehensive studies on the detailed modeling and stability assessment of the interaction dynamics of a wind turbine generator in dc systems are lacking in the current literature. Moreover, dc grids stability enhancement solutions that could deal with the newly developed interactions are not fully investigated and validated. Therefore, the contributions of this paper can be highlighted as follows:
• Developing detailed small-signal models and stability assessment method of the interaction dynamics of a typical dc grid, considering the double-mass mechanical dynamics of the wind turbine generator and typical load dynamics of dc grids (e.g., constant power loads and dynamic loads).
• Characterizing the impact of dc system uncertainties (e.g., system parameters and load types) on the functionality of the PMSG pre-installed active damper.
• Proposing stabilization strategies to improve the overall system damping capabilities, considering different installation scenarios.
Detailed theoretical analysis and time-domain simulation results are presented to show the validity and effectiveness of the proposed models and stabilization solutions. Fig. 1 shows the configuration of a dc grid under investigation. The system consists of a full-scale PMSG based wind turbine generator interfaced to the dc bus via an ac/dc voltage source converter (W-VSC). The dc system exchanges power with the ac utility via a bidirectional ac/dc voltage source converter (G-VSC). The dc bus is tied to the load bus via a dc feeder (L g -R g ), where a composite load and a bus capacitance (C BUS ) are connected [3] , [25] . At the load bus, a composite load is connected, which is composed of a resistive load, constant power load, and motor-drive load (dynamic load).
II. SYSTEM MODELING
The modeling details of the system components (PMSG, ac grid, loads, and dc feeder) and the augmented state-space model are presented in the next subsections. Practical and typical parameters for the system shown in Fig. 1 are given in the Appendix.
A. PMSG MODEL
The PMSG is modeled in a dq-reference frame, where the d-axis of the is aligned with the rotor flux [26] , the stator current (I dq ), and the generator terminal voltage (U dq ) dynamics are given in (1) .
The relation between the PMSG electromagnetic torque (T g ), rotor PMSG rotational speed (ω g ), and generator output power (P g ) are given by [8] 
where ω e is the generator electrical frequency; R s, L dq, λ, P are the stator resistance, stator inductances, magnetic flux constant, and number of PMSG poles, respectively. The PMSG power (P g ) and the injected power to the dc bus (P dc ) are related via the W-VSC capacitance (C g ) by [27] P g − P dc = 0.5C g s(V ) 2 (4)
The mechanical dynamics of the wind turbine is represented by the two-mass model [9] , [12] and are given by (5)-(8)
where H t and H g are turbine's and generator's inertia constants; T t and K s are wind turbine torque, shaft stiffness; D t and D g are wind turbine and generator damping factors; θ and ω t are the shaft angle and wind turbine rotating speed; ρ, C P , β, A, λ t , V w are the air density, wind turbine power coefficient, pitch angle, turbine blades area, tip ratio, and wind speed, respectively. With the help of the field-oriented control [19] , [20] , the W-VSC controller is controlled to regulate the dc-link voltage and the PMSG terminal voltage (U ) via two conventional PI controllers (G vdc (s), G vac (s)) at the outer control loop of the W-VSC, as depicted in Fig. 2 (a). Two PI current controllers (G c (s)) are adopted to regulate the W-VSC currents to their reference values generated by the outer loops, as shown in Fig. 2 (a). The PMSG inner loop is equipped with an active damping loop to suppress the mechanical resonance as suggested in [7] - [11] . The active damping loop is realized by feedbacking the PMSG rotational speed (ω g ) to the inner loop via a band-pass filter (G dm (s)), and gain (K ). The inner and outer loops dynamics are given by
B. AC GRID MODEL
The ac grid converter is operated to inject or absorb active power from the dc bus, according to the loading and generation conditions. The bidirectional G-VSC inner and outer loop dynamics are shown in Fig. 2(b) , the power exchanged at the dc bus (P ac ) is regulated via a PI controller (G P (s)) at the outer control loop of the converter at a unity power factor. Two PI current controllers (G i (s)) are adopted to regulate the converter currents to their reference values generated by the outer loop. The ac network model and the G-VSC voltage dynamics are given by [29] 
where V sdq , V tdq , and I dq are the d-q components of the ac grid voltage and current in the ac grid reference frame; R f , and L f are combined filter and ac grid resistance and inductance; and ω is the ac grid angular frequency, respectively.
C. LOAD MODEL
The currents of the resistive load (R) and the CPL consumed power (P CPL ) are given by [30] 
A realistic example of a dynamic load (DL) that might exist in dc grids is sensor-less V /f −controlled induction motor (IM) drives. The dc current drawn by the dynamic load (I mg ) is related to the load bus voltage (V o ) in (18)- (19) , further details about the dynamic load are found in [31] .
where I m , I sdq , m sdq , and C M are the motor drive dc-link current, the IM stator current and the drive duty ratios in an arbitrary reference frame, and the drive's dc link capacitor.
D. DC GRID MODEL
The dynamics of the dc bus and load bus are given by [30] where I pmsg and I ac are the dc currents of the W-VSC and G-VSC, respectively. To investigate the overall system dynamics and the stability limits, the small-signal state-space model is developed in (22) by linearizing (1)- (21) .Ẋ
III. STABILITY ASSESSMENT
The entire system stability is assessed with the help of the frequency response of the system small-signal impedances, and the eigenvalues of the state matrix (A) developed in (22) . At the dc bus shown in Fig. 1 , the PMSG, W-VSC, ac gird, G-VSC, and their output filters; dc feeders and bus capacitance, are represented by the source impedance (Z s ); whereas a resistive load, a CPL, and a dynamic load are signified by the impedance (Z L ). The frequency response of the source-side and the loadside impedances at different wind speeds and different load types are plotted in Fig. 3 . It is obvious that the sourceside impedance includes two peak resonances; the first peak resonance is induced because of the mechanical dynamics of the wind turbine at around 10 rad/s, the resonance peak is associated with almost ±180 • phase-shift angle, it can be noted that the mechanical resonance peak is independent of the wind speed. The second resonance peak is generated because of the LC network constructed from the dc feeder inductance and the equivalent bus capacitance at the load bus. On the other hand, the resistive load and the CPL are represented by an impedance of constant magnitude and phaseshift angle 0 • and −180 • along the entire frequency range, respectively. The dynamic load shows a constant impedance magnitude and (−180 • ) phase-shift angle at the very lowfrequency range (0-40 rad/s), which resembles the behavior of an ideal constant power load at the low-frequency range. It can be noted that the dynamic load has two significant resonance notches at (50 -350 rad/s) because of the induction motor rotor and stator circuits [31] .
The load-source impedance interactions shown in Fig. 3 result in the system dominant eigenvalues; namely 1) the mechanical eigenvalues (poles), which are induced by the wind turbine generator mechanical dynamics at the lowfrequency range; 2) dc grid eigenvalues, which result from the source-load impedance interactions of the dc grid at the low-frequency range; 3) LC resonance eigenvalues at the medium frequency, which result from the interaction between dc gird equivalent LC network and the load impedance; and 4) dynamic load poles that appear in the case of dynamic load existence, as shown in Fig. 4 . Fig. 4 (a) shows the system eigenvalues when the load nature changes from a pure resistive to 100% CPL, it is obvious that the entire system poles move towards the right side of the s-plane with increasing CPL penetration level indicating a reduction in the system stability margin. The damping factors of the dominant poles drop from 0.05 to −0.13 pu (mechanical poles), 0.62 to 0.5 pu (dc grid poles), and 0.18 to 0.16 pu (LC resonance poles). However, the mechanical resonance poles are significantly affected by the VOLUME 8, 2020 load nature, where they are located at the jω-axis when the CPL level is 50% of the total load.
A dynamic load of the same CPL power rating has an almost identical impact on the system dynamics, as depicted in Fig. 4(b) , where the damping factors (at 100% dynamic load) drop to −0.134 pu (mechanical poles), 0.55 pu (dc grid poles), 0.165 pu (LC resonance poles), leading to a similar CPL effect at the low-frequency range. On the other hand, the dynamic load induces two well-damped pairs of eigenvalues at the low frequency (45 rad/s) and medium frequency range (350 rad/s), which result from the rotor and stator circuits of the induction motor, respectively. It can be noted that the rotor eigenvalues slightly move toward the right side of the s-plane with increasing the dynamic load penetration level (0.25 pu damping factor at 1 pu), whereas the stator poles move towards the left side of the s-plane (0.13 pu damping factor at 1 pu), indicating a reasonable stability margin of the load eigenvalues.
At 75% resistive load and 25% CPL, the impact of the system uncertainties such as the load bus capacitance (0.5-2 pu), the dc feeder inductance and resistance (0-10 pu), on the system dominant eigenvalues, is presented in Fig. 5 (a) and 5(b), respectively. The damping factor of the LC poles increases with the load capacitance (0.14 to 0.22 pu), whereas, the damping factors of the dc grid and the mechanical poles drop from 0.62 to 0.54 pu and 0.03 to −0.006 pu, respectively. However, increasing the load capacitance has a more destabilizing effect on the mechanical poles leading to unstable operation when the bus capacitance is doubled. The variation of the dc feeder inductance and resistance has a negligible effect on the mechanical resonance and dc grid poles, whereas increasing the feeder resistance improves the LC poles damping by pushing them to the left side of the s-plane. On the contrary, increasing the dc feeder inductance significantly reduces the damping factor of the LC poles (0.08 pu). A summary of the conducted sensitivity analysis is provided in TABLE 1.
From the previous analysis, it is clear that the investigated dc system exhibits stability problems with the variation of the system uncertainties, particularly the variation of the connected load nature and the dc bus capacitance. Therefore, effective stabilization strategies are necessary to enhance the damping of the poorly damped modes and to ensure robust performance at different operating conditions.
IV. STABILITY ENHANCEMENT
In this section, two stability enhancement strategies are proposed to increase the entire system stability margin. Because the CPL and the dynamic load showed a very close impact on the mechanical poles damping, 100% CPL loading condition has been used in the design of the active stabilizers' loops. The first proposed stability option is realized by modifying the outer loop of the G-VSC so that it injects damping power components to stabilize the dc grid. The second stability enhancement method is realized by installing a dc damper at the dc bus, as shown in Fig. 1 . The dc damper resembles an active damping resistance, which is tuned to suppress the resonances arising from the load or the source. The second solution is beneficial for a dc system where the stabilization from the ac side is unavailable because of operational or installation reasons.
A. AC GRID SUPPORT(AGS)
The ac grid stability enhancement is realized by injecting a stabilizing component ( P) to the reference power command (P * ac ), as shown in Fig. 2(b) , where the stabilizing power is obtained by processing the dc bus voltage (V ) through the compensator (G ps (s)). The stabilizing power component is given in (23) .
where ω ps and k ps are the gain and the corner frequency of the compensator. The compensator parameters (ω ps and k ps ) are selected to reshape the source impedance (Z s ) so that the intersections with load-side impedance (Z L ) are eliminated at the lowfrequency proximity, as demonstrated by the Bode plot portrayed in Fig. 6 . The proposed stability enhancement yields a FIGURE 6. System frequency response with AGS strategy. significant improvement in the damping factor of the mechanical poles, where it increases from −0.13 pu to 0.24 pu at 100% CPL.
The impact of varying the load type on the dominant system eigenvalues with the proposed stability method is illustrated in Fig. 7(a) . It can be noted that mechanical poles are two well-damped pairs at the low-frequency range, where their damping factor slightly decreases (0.61 to 0.57 pu and 0.26 to 0.24 pu) when the CPL penetration level is varied from 0 to 100%.
The damping factor of the dc grid poles shows a negligible reduction (0.005 pu), whereas the damping of the LC poles is still sensitive to the load type; however, they are still located at the left side of the s-plane with an acceptable damping factor of 0.15 pu at 100 % CPL.
The impact of varying the load capacitance (0.5-2 pu) on the dominant eigenvalues is shown in Fig. 7(b) , where it is obvious that the mechanical poles are not affected by the load capacitance uncertainty, whereas the dc grid poles show a minor reduction in their damping factor (0.002 pu). This proves the robustness of the proposed method against the load type and load capacitance. On the other hand, increasing the load capacitance significantly enhances the damping capability of the LC poles, as discussed in the previous section. Fig.1 shows the structure of the proposed dc damper, where a capacitor (C d ) is interfaced to the dc grid via a dc/dc converter and an output LC filter. Fig. 2(c) shows the controller block diagram of the proposed dc stabilizer, where the dc/dc converter is operated to regulate the capacitor voltage (V cap ) to a fixed value (V cap * ) via two PI compensators (G vc (s) and G Ic (s)) at the outer and inner loops, respectively. To mitigate the instability problem of the dc grid, the dc bus voltage (V ) is processed via a second-order compensator (G dc (s)), and the output is fed to the inner loop. The compensator parameters of the dc damper given in (24) are selected to eliminate the interactions of the load-source impedance interactions, as depicted in Fig. 8 .
B. DC DAMPER ENHANCEMENT (DDE)
Moreover, the compensator gain is chosen to increase the positive damping of the mechanical eigenvalues at 100% CPL condition, where the lowest stability margin is obtained as discussed in Section III. 
where k ds, ξ ds, and ω ds are the gain, damping ratio, and the natural frequency of the compensator, respectively. Based on the previous design approach, the proposed stability enhancement method yields 0.25 pu damping factor for the mechanical and dc grid poles, whereas the LC poles damping factor remains unchanged. Fig. 9(a) demonstrates the impact of the load type on the system dominant eigenvalues. The mechanical poles are two pairs of equal damping factor (0.25 pu) at 100% CPL conditions. One of the mechanical poles pair damping factor increases to 0.45 pu, and the damping factor of the other pair drops to 0.18 pu, when the load is purely resistive, maintaining an acceptable stability margin with the load type variation. The dc poles and LC poles show a similar trend at pure resistive loading, where their damping factor increases by 0.08 pu and 0.02, respectively.
The impact of varying the load capacitance on the dominant eigenvalues is shown in Fig. 9(b) , like the load type variation, the mechanical poles show a variation with the load capacitance, where their damping factors change from 0.25 pu to (0.22 pu and 0.27 pu), when the bus capacitance drops to 0.5 pu. On the other hand, the damping of the dc grid and LC poles show an improvement (0.05 pu) when the load capacitance is doubled. A summary of the conducted sensitivity analysis is provided in TABLE 1.
V. SIMULATION RESULTS
Time-domain simulation studies, using the detailed nonlinear models of the system components under the MAT-LAB/Simulink environment, are conducted to evaluate the performance of the dc grid shown in Fig. 1 . Furthermore, the performance of the proposed stability enhancement methods is assessed. The system base values and controller parameters are given in the Appendix.
A. SYSTEM RESPONSE WITHOUT PROPOSED STABILITY ENHANCEMENT METHODS
The dynamic performance of the dc grid under investigation is assessed with only the PMSG active damper. The ac grid injects 0.35 pu active power to the dc grid via the G-VSC at a unity power factor, whereas the connected load is 80% resistive and 20% CPL. Fig. 10 compares the system response when a resistive load and CPL (200 kW) are switched at t = 100 s, it can be seen that load switching leads to a reduction of the PMSG rotational speed (ω g ) and an increase in the electromagnetic (T g ) torque and active power (P g ). The load switching event is associated with lightly damped mechanical oscillations, which are mapped to the dc grid, leading to an oscillatory performance at the dc bus voltage (V ) and the ac grid power (P ac ) at the mechanical resonance frequency (10 rad/s). It is evident that the load nature significantly affects the overall system damping capability, where more time is needed to dampen the oscillations produced by CPL switching if compared to the resistive load switching, the obtained simulation results agree with the theoretical analysis conducted in Section III. Fig. 11 presents the impact of the ac grid stability enhancements effort on the dc grid dynamics, where the connected load is set to 100% CPL; the power demand from the ac side is increased by 100 kW at t = 65 s, a CPL (200 kW) is switched at t = 70 s, and the system is subjected to wind speed variation as shown in Fig. 11(a) . It is obvious that the system smoothly responds to the wind speed variation and load switching events with almost an oscillation-free profiles of the PMSG torque and output power. The significant improvement of the PMSG dynamic performance affects the dc-bus voltage and the ac grid power dynamics, where the lightly damped mechanical oscillations are completely suppressed with minimal overshoots (less than ±1 %) in the dc-link voltage response. Furthermore, it can be observed that remarkable stability enhancement is realized by injecting damping power components by the ac grid via the G-VSC when the system is subjected to any disturbance, as demonstrated in Fig. 11(e) . The conducted assessment proves the effectiveness proposed stabilizer and its robustness (functionality) against different uncertainties.
B. SYSTEM RESPONSE WITH AC GRID SUPPORT

C. SYSTEM RESPONSE WITH DC DAMPER
The test employed to examine the functionality of the ac grid support (AGS) is conducted to assess the capability of the dc damper to preserve the overall system stability, as demonstrated in Fig. 12 . It is obvious that the dc damper has succeeded to deal with the wind speed variation and the load switching events at 100% CPL operation. The system stability is maintained via the dc damper through injecting a transient stabilizing power (P D ) to the dc system at the instant of voltage fluctuation due to load switching or wind speed variation, where the stabilizing power (P D ) counteracts the power oscillations injected into the dc-bus by the PMSG, as portrayed in Fig. 12(e) . Moreover, it can be noted that the dc-bus voltage recovers faster as compared to the AGS enhancement; however, the voltage response exhibits higher overshoot (less than ±5%) at the instant of load switching. Further, the improvement of the dc-bus voltage is reflected on the PMSG torque and active power dynamics, which are associated with fewer fluctuations and faster dynamic behavior as compared to the AGS method. It should be pointed out that the AGS method offers higher damping capabilities than the dc damper method although both methods are designed to improve the mechanical damping poles damping factor to the same value (≈ 0.25 pu), this is attributed to the dc poles, which have a higher damping factor with the AGS method. The simulation results confirm the accuracy of the conducted analysis in Section IV.
D. COMPARISON WITH PREVIOUS METHODS
The response of the dc system with the PMSG active damper proposed in [7] is compared to the response of the stability enhancement options proposed in this work. Similar to the active damper given in (10) , the PMSG rotational speed is fed-back to the outer loop via a band-pass filter and gain to mitigate the mechanical resonance problem as suggested in [7] . The compensator of this method is designed so that the damping factor of both the mechanical poles and dc grid poles is 0.31 pu at 100% CPL. For the same test employed in Section V-B, Fig. 13 compares the dc grid response with the AGS enhancement method and with the outer loop PMSG damper proposed in [7] . The AGS method shows better dc bus voltage response, where the PMSG damper affects the tracking capability of the dc-link voltage controller, leading to the deviation of the dc-link voltage from its nominal value. Although the dc grid response is almost the same for the DDE method, the dc-bus voltage response with the DDE method shows better damping and tracking behavior, as depicted in Fig. 14. It should be mentioned that the PMSG outer loop damper is sensitive to the load type variation, where the damping factor of the mechanical poles drops from 0.31 pu to 0.09 pu when the load type changes from 100% CPL to pure resistive.
E. DIFFERENT WIND SPEED PATTERN
A practical wind speed pattern based on real wind speed measurement [32] , [33] is used to examine the robustness of the proposed stability enhancement options. The same test employed in Section V-B has been used, and the dc grid response is recorded for 600 s. Fig. 15 compares the responses of the AGS and DDE enhancement methods, both methods were able to preserve the system stability at different wind speed patterns, showing the same dynamic behavior obtained in Figs. 11-12 . Moreover, the proposed controllers show a well-damped and stable response for a time interval of 10 minutes, proving the robustness of the proposed controllers to run for longer times.
F. DC-LINK VOLTAGE CONTROLLER BANDWIDTH VARIATION
For the same operating conditions in Figs. 11-14, the system response can be further improved by increasing the bandwidth (BW) of the dc-link voltage control loop. Increasing this BW is associated with modifying the controllers' gains of the proposed solutions. For the AGS method, the controller gain is increased by 1.75 pu; whereas for the dc damper method, the controller gain is increased by 1.3 pu. Figs. 16-17 show the dc grid response for both methods. For the ac grid support method (AGS- Fig. 16 ), it is obvious that the dc grid response is improved by increasing the bandwidth of the dc-link voltage loop, yielding in overshoots less than ±0.2% in the dc-link voltage response and reduction in the recovery time. A similar improvement in the dc grid response is obtained for the dc damper method (DDE- Fig. 17) ; it is clear that the dc-link voltage overshoots are reduced to less than ±0.2% with shorter recovery time.
VI. VALIDATION RESULTS
The validity of the proposed control strategy is verified by a hardware-in-the-loop (HIL) real-time simulation setup using the OPAL-RT OP5600 real-time simulation platform. The dc grid system investigated in Fig. 1 is simulated in real-time, connected to a data-acquisition card on a Virtex-6 FPGA board with a time step of 290 ns, as depicted in Fig. 18 . The system performance with the proposed stability enhancement methods is evaluated at high-and low-wind speeds to examine the functionality of the stabilization strategies at different operating points; additionally, the CPL penetration level is set to 100%.
Figs. 20-21 show the dc grid response when the wind speed varies (see Fig. 19 ) for the ac grid support (AGS) and dc damper enhancement (DDE) methods, respectively. At rated wind speed ( Fig. 20(a) and Fig. 21(a) ), it can be seen that the system response on the HIL platform shows an excellent agreement with the time-domain nonlinear simulations results presented in Section V, where the grid-connected system shows a well-damped response against the wind speed variation with the AGS and DDE strategies. Furthermore, it is obvious that the proposed stability solutions are capable of preserving the system stability when the wind speed is low with the same design parameters ( Fig. 20(b) and Fig. 21(b) ). This proves the robustness of the selected compensators parameters against the variation of the wind turbine generator operating points.
VII. CONCLUSION
This paper presents a detailed modeling, comprehensive stability analysis, and stability enhancement methods for a dc grid with a high penetration level of wind power generation. It has been found that the wind turbine mechanical dynamics can significantly affect the system stability margins if the two-mass model is considered. With the PMSG active damper, it has been shown that the damping capability of the mechanical eigenvalues is remarkably affected by the load nature, and the system capacitance; whereas the dc feeder parameters have a minimal impact on the wind generator dynamics. Two stability enhancement methods have been discussed to address the instability problems from different aspects. First, the ac grid support method stabilizes the system via injecting power components from the ac grid, this method can preserve the system stability and is very robust against the dc grid uncertainties. Second, the dc damper method stabilizes the system via injecting stabilizing power components by an auxiliary unit. This method increases the system stability margins, leading to satisfactory dynamic performance. The theoretical results are verified using detailed non-linear simulations and hardware-in-the-loop studies to validate the feasibility of hardware implementation.
VIII. RESEARCH STATUS
The research in this paper is initially developed as part of the Ph.D. research work of the first author [25] . A focused version of this research work is presented in this paper. The research is continued to study fault ride-through capability for the PMSG-based wind energy conversion system in dc grids. 
APPENDIX
DC Distribution System
